The origin of the atomic and molecular gas contents of early-type
  galaxies. II. Misaligned gas accretion by Lagos, Claudia del P. et al.
ar
X
iv
:1
41
0.
54
37
v2
  [
as
tro
-p
h.G
A]
  4
 Ja
n 2
01
5
Mon. Not. R. Astron. Soc. 000, 1–17 (2011) Printed 20 July 2018 (MN LATEX style file v2.2)
The origin of the atomic and molecular gas contents of early-type
galaxies. II. Misaligned gas accretion
Claudia del P. Lagos1, Nelson D. Padilla2,3, Timothy A. Davis1,4, Cedric G. Lacey5,
Carlton M. Baugh5, Violeta Gonzalez-Perez5, Martin A. Zwaan1, Sergio Contreras2
1European Southern Observatory, Karl-Schwarzschild-Strasse 2, 85748, Garching, Germany.
2Instituto de Astrofı´sica, Pontificia Universidad Cato´lica de Chile, Av. Vicun˜a Mackenna 4860, Santiago., Chile.
3Centro de Astro-Ingenierı´a, Pontificia Universidad Catlica de Chile, Av. Vicun˜a Mackenna 4860, Santiago, Chile.
4Centre for Astrophysics Research, Science & Technology Research Institute, University of Hertfordshire, Hatfield, AL10 9AB, UK.
5Institute for Computational Cosmology, Department of Physics, University of Durham, South Road, Durham, DH1 3LE, UK.
20 July 2018
ABSTRACT
We study the origin of the wide distribution of angles between the angular momenta of the
stellar and gas components,αG,S, in early-type galaxies (ETGs). We use the GALFORMmodel
of galaxy formation, set in the Λ cold dark matter framework, and coupled it with a Monte-
Carlo simulation to follow the angular momenta flips driven by matter accretion onto haloes
and galaxies. We consider a gas disk to be misaligned with respect to the stellar body if αG,S >
30 degrees. By assuming that the only sources of misaligments in galaxies are galaxy mergers,
we place a lower limit of 2 − 5 per cent on the fraction of ETGs with misaligned gas/stellar
components. These low fractions are inconsistent with the observed value of ≈ 42 ± 6 per
cent in ATLAS3D. In the more general case, in which smooth gas accretion in addition to
galaxy mergers can drive misalignments, our calculation predicts that ≈ 46 per cent of ETGs
have αG,S > 30 degrees. In this calculation, we find correlations between αG,S and stellar
mass, cold gas fraction and star formation rate, such that ETGs with high masses, low cold gas
fractions and low star formation rates are more likely to display aligned cold gas and stellar
components. We confirm these trends observationally for the first time using ATLAS3D data.
We argue that the high fraction of misaligned gas discs observed in ETGs is mostly due to
smooth gas accretion (e.g. cooling from the hot halo of galaxies) which takes place after most
of the stellar mass of the galaxy is in place and comes misaligned with respect to the stellar
component. Galaxies that have accreted most of their cold gas content prior to the time where
most of the stellar mass was in place show aligned components.
Key words: galaxies: formation - galaxies : evolution - galaxies: ISM - galaxies: elliptical
and lenticular, cD - galaxies: kinematics and dynamics
1 INTRODUCTION
Contrary to naive expectations, early-type galaxies (ETGs; el-
lipticals and lenticulars), host significant quantities of cold gas
in the form of atomic hydrogen (HI) and molecular hydro-
gen (H2), although the gas fractions in ETGs are on aver-
age lower than in late-type galaxies (e.g. Gallagher et al. 1975;
Wardle & Knapp 1986; Wiklind & Henkel 1989; Morganti et al.
2006; Oosterloo et al. 2007; Welch et al. 2010; Young et al. 2011;
Serra et al. 2012). Serra et al. (2012) found that 42 per cent of
ETGs in the ATLAS3D have HI masses MHI > 107M⊙, while
Young et al. (2011) show that 23 per cent of ETGs have MH2 >
107M⊙ in the same survey. Most ETGs with detected HI and/or
H2 show settled configurations, with the cold gas being in a disk
or a ring (Serra et al. 2012; Davis et al. 2013). Only 30 per cent
of ETGs with detected HI show unsettled configurations. This has
been interpreted as being due to interactions with the group envi-
ronments or a recent minor galaxy merger (Serra et al. 2012). This
percentage decreases when focusing on H2 only (Davis et al. 2013;
Alatalo et al. 2013).
Lagos et al. (2014b) (hereafter Paper I) explored the origin of
the HI and H2 gas contents of ETGs using a semi-analytic model
of galaxy formation and showed that the observed gas fractions in
ETGs arise in the model due to inefficient replenishment of the gas
in ETGs as a result of both ram pressure stripping of the hot gas
and heating by active galactic nuclei (AGN), which prevents gas
cooling from the hot halo. Model ETGs with high HI and H2 gas
contents were shown to be hosted by low mass haloes, and have,
on average, ‘younger morphologies’ (i.e. smaller look-back times
to the last time these ETGs showed late-type morphologies). These
ETGs were shown in Paper I to be more isolated, which agrees with
observational inferences of lower density environments for the gas-
rich ETGs (Young et al. 2013).
An important finding in the exhaustive observations of the
kinematics of the different mass components of ETGs was pre-
sented in Davis et al. (2011), where it was convincingly shown that
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≈ 42 per cent of ETGs have ionised gas misaligned with the stellar
kinematics (i.e. the angle between the angular momenta of the stars
and the gas is > 30 degrees). The way the angle between the dif-
ferent galaxy components is measured in the observations is using
high signal-to-noise (S/N > 40 ; Emsellem et al. 2004) integral
field spectroscopy and millimeter wave interferometry, from which
one can construct two-dimensional kinematic maps. Davis et al.
(2011) calculated position angles from the 2D kinematic maps
of the stellar and gas components in a way that they trace the
bulk of the components rather than substructures. From the po-
sition angles, the projected misalignments, rather than the three-
dimensional misalignments, were measured. Typical uncertainties
in the measured position angles in ATLAS3D are of 10 degrees.
Davis et al. (2011) also show that the molecular and ionised gas
components are aligned with each other, suggesting a common ori-
gin.
The high fraction of stellar/gas misalignments reported by
Davis et al. (2011) led to speculation that the origin of this gas is
external, pointing to minor mergers as the dominant source of the
gas in ETGs that show misaligned gas disks (e.g. Davis et al. 2011;
Serra et al. 2012). This intriguing inference has been explored in
simulations of galaxy formation very recently, with small samples
of simulated galaxies. For example, Serra et al. (2014) show that
although simulations can reproduce the nature of slow and fast ro-
tators of the early-type population (see also Naab et al. 2013), the
HI contents predicted by these simulations are too low, while also
being almost always kinematically aligned with the stellar compo-
nent. The main disadvantage of the work of Serra et al. is that only
50 simulated galaxies were analysed and therefore strong conclu-
sions regarding the consistency of the simulations with observa-
tions cannot be reached.
An important caveat in the interpretation presented by
Davis et al. (2011) and Serra et al. (2012), in which only minor
galaxy mergers account for the misaligned gas disks observed in
ETGs, is that it ignores the stochastic nature of matter accretion
from sources (other than mergers) predicted in a Λ cold dark
matter (CDM) universe (e.g. Dekel et al. 2009; Johansson et al.
2012). It implies that gas accretion from sources other than galaxy
mergers, such as cooling from the hot halo and collimated in-
flows of gas from filaments, is always aligned with the stellar
component. Sales et al. (2012), Sharma et al. (2012), Bett & Frenk
(2012), Aumer et al. (2013) and Padilla et al. (2014) show strong
evidence from simulations that in a ΛCDM universe the angular
momentum of galaxies is not necessarily aligned with that of their
host haloes, as accretion from either the cosmic web or mergers can
be stochastic. Bett & Frenk (2012) go a step further and show that
the inner parts of haloes, where galaxies live, can suffer much more
frequent flips of their angular momentum vector than the halo as a
whole (see also Sharma et al. 2012).
Bett et al. (2010) show that the median angle between the in-
ner (. 0.25Rvir) and total (6 Rvir) angular momentum vectors
is ≈ 25 degrees. Bett et al. also show that the inclusion of baryons
drives even larger misalignments, with half of the galaxies having
their spin axis misaligned by more than 45 degrees from the host
halo spin (see also Bryan et al. 2013 and Tenneti et al. 2014). There
is also evidence from hydro-dynamical simulations that the angu-
lar momentum of galaxies is affected by the large scale structure;
i.e. filamentary structure can fuel gas into galaxies changing its an-
gular momentum direction (e.g. Danovich et al. 2014; Dubois et al.
2014). The result of such accretion process can be alignment with
respect to large structures, outside haloes, particularly in the low
mass regime (Dubois et al. 2014).
Our motivation is therefore to investigate the alignments be-
tween the galaxy components, stars and cold gas (atomic and
molecular gas), and the dark matter halo by following the flips in
the angular momentum of ETGs throughout their growth history.
By flips we mean any change in the direction of the angular mo-
mentum vector. This allows us to statistically assess the probability
of having a present day ETG with a gas disk that is misaligned
with respect to the stellar component. For consistency with the
measured projected misalignment angle between different galaxy
components in the observations, we show throughout the paper
predictions of projected misalignments. The study of angular mo-
mentum in galaxies is particularly relevant as ongoing and future
surveys, such as Mapping Nearby Galaxies at APO (MaNGA1),
Calar Alto Legacy Integral Field spectroscopy Area survey (CAL-
IFA2), the Sydney-Australian-Astronomical-Observatory Multi-
object Integral-Field Spectrograph (SAMI3), and ultimately the
Square Kilometer Array (SKA4), promise to transform our under-
standing of angular momentum in galaxies in their different com-
ponents. An example of this is the mass-spin-morphology relation
presented by Obreschkow & Glazebrook (2014).
For this study we use the semi-analytical model GALFORM
in a ΛCDM cosmology (Cole et al. 2000) presented by Lacey et al.
(2014, in prep.). This model includes the improved treatment of star
formation (SF) implemented by Lagos et al. (2011b,a). This exten-
sion explicitly splits the hydrogen content of the ISM of galaxies
into HI and H2. In Paper I we show that the Lacey et al. model pro-
vides a very good representation of the gas contents of ETGs (in the
form of HI and H2) in the local Universe, particularly when gradual
ram pressure stripping of the hot gas is included (see Lagos et al.
2014a for predictions of the gas content of galaxies in the Lacey et
al. model at high-redshifts).
This paper is organised as follows. In §2 we summarise the
main aspects of the GALFORM model and the flavour presented by
Lacey et al. (2014). In §3 we summarise the method for follow-
ing the flips in the angular momenta of the different component
of galaxies (stars, cold gas and dark matter halo), originally intro-
duced by Padilla et al. (2014). In §4, we present the growth history
of ETGs and analyse the transient nature of galaxy morphologies.
In §5, we describe how we calculate the angular momentum flips
throughout the history of ETGs and present the expectation for the
number of misaligned gas disks and compare with observations. We
also introduce a new scenario that can lead to gas disks becoming
misaligned in addition to galaxy mergers. In §6 we discuss limi-
tations of the model presented here, also showing predictions for
late-type galaxies, and give our conclusions in §7.
2 MODELLING THE MORPHOLOGICAL EVOLUTION,
NEUTRAL GAS CONTENT AND STAR FORMATION
IN GALAXIES
In paper I, we provided a detailed description of all the relevant
physical mechanisms which affect the history of ETGs, such as disk
formation, bulge formation, ram pressure stripping of the hot gas,
star formation and recycling of mass and metals in stars. Here we
outline the processes that are modelled in GALFORM and give a
brief overview of the model we adopt as a standard in this paper to
1 https://www.sdss3.org/future/manga.php
2 http://califa.caha.es/ (Husemann et al. 2013).
3 http://sami-survey.org/ (Croom et al. 2012).
4 https://www.skatelescope.org/
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study the alignment between cold gas and stars in galaxies, which
is a variant of the model of Lacey et al. (2014).
GALFORM accounts for the main physical processes that shape
the formation and evolution of galaxies. These are: (i) the collapse
and merging of dark matter (DM) haloes, (ii) the shock-heating and
radiative cooling of gas inside DM haloes, leading to the forma-
tion of galactic disks, (iii) star formation in galaxy disks (quiescent
mode), (iv) feedback from supernovae (SNe), from heating by ac-
tive galactic nuclei (AGN) and from photo-ionization of the inter-
galactic medium (IGM), (v) chemical enrichment of stars and gas,
(vi) galaxy mergers driven by dynamical friction within common
DM haloes which can trigger bursts of star formation, and lead to
the formation of spheroids, (vii) global disk instabilities, which also
lead to the formation of spheroids, and (viii) gradual ram pressure
stripping of the hot gas. Galaxy luminosities are computed from
the predicted star formation and chemical enrichment histories us-
ing a stellar population synthesis model (see Gonzalez-Perez et al.
2014). Note that in the literature ‘quiescent’ is generally used to re-
fer to passive galaxies and/or to those with low star formation rates
(SFRs) compared to the median at a given stellar mass, but here
we use it to distinguish star formation taking place in the disk of
galaxies from the starburst mode, which takes place exclusively in
the central spheroid of the galaxy and at efficiencies that are gener-
ally higher.
Here we focus on the variant of GALFORM presented in Lacey
et al. (2014; hereafter Lacey14) which includes all the processes
listed above. One important feature of the Lacey14 model is that it
adopts a non-universal stellar initial mass function (IMF). The IMF
describing SF in disks (i.e. the quiescent mode) is the Kennicutt
(1983) IMF5, while a more top-heavy IMF is adopted in starbursts
(i.e. with an IMF slope x = 1). This is inspired by Baugh et al.
(2005), who used a top-heavy IMF to reconcile the model predic-
tions with observations of the number counts and redshift distribu-
tion of submillimeter galaxies. We note, however, that Baugh et al.
adopted a more top-heavy IMF for starbursts, with x = 0, than is
used for Lacey14.
We now give some details of each of the processes above as
included in Lacey14:
• In Lacey14 the halo merger trees are extracted from the
WMAP7 (Komatsu et al. 2011) version of the Millennium cosmo-
logical N -body simulation (Springel et al. 2005) (refer to as MS-
W7 simulation). The cosmological parameters are Ωm = ΩDM +
Ωbaryons = 0.272 (with a baryon fraction of 0.167), ΩΛ = 0.728,
σ8 = 0.81 and h = 0.704.
• Gas cooling is calculated assuming that gas in haloes follows a
β profile (Cavaliere & Fusco-Femiano 1976). The amount of cool-
ing then depends on the gas density and its metallicity following
the tabulated cooling function of Sutherland & Dopita (1993). The
amount of gas that is added to the disk depends on the cooling time
and the free-fall time (see Cole et al. 2000 and Benson & Bower
2010). Given the time elapsed since the formation of the DM
halo (i.e. the last mass doubling), the free-fall radius, rff , is the
maximum radius in the hot halo from which material could have
moved to the disk; the cooling radius, rcool, encloses the radius
within which gas has had time to cool. The mass accreted onto
5 The distribution of the masses of stars produced follows
dN(m)/d lnm ∝ m−x , where N is the number of stars of mass
m formed, and x is the IMF slope. For a Kennicutt (1983) IMF, x = 1.5
for masses in the range 1M⊙ 6 m 6 100M⊙ and x = 0.4 for
m < 1M⊙.
the disk simply corresponds to the hot gas mass enclosed within
r = min[rcool, rff ].
• Lacey14 adopts two different SF laws, one for quiescent SF
(i.e. taking place in the disk) and another for starbursts (driven
by galaxy mergers and disk instabilities). In the case of quiescent
SF, Lacey14 adopts the SF law introduced by Blitz & Rosolowsky
(2006), where stars form from the molecular gas in the disk, and
the partition of atomic and molecular gas depends on the hydro-
static pressure in the midplane of the disk (see Lagos et al. 2011b
for details). For starbursts, the SFR is calculated from the avail-
able cold gas mass (HI plus H2), regulated by a SF timescale,
τSF, which depends on the dynamical timescale of the bulge, τdyn,
τSF = max(τmin, fdynτdyn). The proportionality fdyn = 20 is a
free parameter, and τmin is a minimum starburst duration, which is
set to τmin = 100Myr.
• The mass entrainment of supernovae driven winds, β, in
GALFORM is parametrised by the circular velocity of the galaxy,
taken to be a proxy for the gravitational potential well. In Lacey14,
β = (Vcirc/320km s
−1)−3.2. Detailed calculations of SNe feed-
back suggest the power-law index of this parametrisation should be
in the range −1 to −2.7 (Murray et al. 2005; Creasey et al. 2013;
Lagos et al. 2013). The power-law index of−3.2 in Lacey14 comes
from the Monte-Carlo exploration of parameters originally done in
Bower et al. (2006), which pointed to that value as the best param-
eter to recover a flat faint-end in the K-band luminosity function.
However, since this value is in tension with the more recent stud-
ies above, we are currently exploring the effect of including more
physical parametrisations (Mitchell et al. 2014; Mitchell et al. in
prep.). However, we expect the effect of these new parametrisations
on the conclusions presented in this paper to be secondary. This is
because the selected model ETGs for the study here are relatively
massive LK > 6× 109M⊙, and more affected by AGN feedback
(see Paper I for details).
• In GALFORMAGN feedback is assumed to act in haloes where
the cooling time is longer than the free fall time at the cooling ra-
dius (‘hot accretion’ mode; Fanidakis et al. 2012). In such a halo,
the AGN power is computed and if it is greater than the cooling lu-
minosity, the cooling flow is switched off (see Bower et al. 2006).
• For photoionisation feedback, it is assumed that no gas is al-
lowed to cool in haloes with a circular velocity below Vcrit at
redshifts below zreion (Benson et al. 2002). Taking into account
simulations by Okamoto et al. (2008) and observational constraints
on the reionisation redshift (Komatsu et al. 2011), Lacey14 adopt
Vcrit = 30 km s
−1 and zreion = 10.
• For chemical enrichment, we adopt the instantaneous mix-
ing approximation for metals in the ISM, and change the amount
of metals recycled depending on the IMF adopted. The stellar
evolution models of Marigo (2001) and Portinari et al. (1998) are
adopted to calculate the ejected mass and metals from intermediate
and massive stars, respectively.
• Lacey14 adopt the updated dynamical friction timescale of
Jiang et al. (2008) to estimate the timescale for the orbital decay
of satellite galaxies towards the centre. This decay is due to en-
ergy and angular momentum losses driven by dynamical friction
with the DM halo material. Once the galaxy merger takes place,
a starburst takes place in the centre, where the SFR is taken to be
proportional to the amount of cold gas (HI plus H2) in the sys-
tem, regulated by a SF timescale. This SF timescale is calculated
as described above. Note that the Jiang et al. (2008) formula is an
update of the widely used Lacey & Cole (1993) dynamical friction
timescale, using recent N -body simulations.
• Global disk instabilities in galaxies occur if the disk becomes
c© 2011 RAS, MNRAS 000, 1–17
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sufficiently massive that its self-gravity is dominant over the pres-
sure produced by rotation. In this case, the disk becomes unstable
to small perturbations caused by minor satellites or DM substruc-
tures. The criterion for instability was described by Efstathiou et al.
(1982), Mo et al. (1998) and Cole et al. (2000). SF in the case of
instabilities proceeds as in starbursts driven by galaxy mergers.
It is important to remark here that the way disk instabilities are
treated in GALFORM are a simplification of what detailed simu-
lations show. For example Ceverino et al. (2010), Bournaud et al.
(2011) and Bournaud et al. (2014) show that when disks are glob-
ally unstable, large clumps of gas are formed that can be long lived
due to the large accretion rates that counteract the mass loss due to
outflows and stripping. These long live clumps can migrate to the
central parts of the galaxy and build a large bulge in less than 1 Gyr.
This is captured in our simplified model through the triggering of
a starburst in the central bulge of galaxies. However, contrary to
our assumption here, simulations show that the disk is not fully de-
stroyed in the process of disk instability. We plan to investigate the
effect this has on the history of ETGs in a future paper.
• The standard treatment of the hot gas in the subhaloes around
satellite galaxies is usually referred to as ‘strangulation’ of the hot
gas, which means that once a galaxy becomes a satellite (when it
crosses the virial radius of the larger halo), its hot gas is removed
instantaneously and is transferred to the hot gas reservoir of the
main halo. This is the model adopted in the default Lacey14 model.
However, in Paper I we show that this treatment is too extreme
and leads to ETGs having too low HI and H2 gas fractions com-
pared to observations. In Paper I we argue that gradual ram pres-
sure stripping of the hot gas is needed in order to bring gas fractions
into agreement with observations. The latter is calculated by con-
sidering the ram pressure of the hot gas in the main halo acting
against the hot gas of the satellite galaxy as it moves through the
halo, and the gravity of the satellite retaining part of the hot halo
(see McCarthy et al. 2008; Font et al. 2008). The Lacey14 model
including this scheme of gradual ram pressure stripping of the hot
gas is referred to as Lacey14+GRP. The latter is our standard model
for the rest of the paper, which we show in Paper I to provide HI
and H2 gas fractions and mass functions in very good agreement
with the observations of the ATLAS3D and HIPASS surveys. Note
that we do not include ram-pressure stripping of the cold gas disk of
galaxies. Although this process has been shown to be important in
cluster environments (e.g. Cortese et al. 2011; Boselli et al. 2014),
most ETGs in the model and in ATLAS3D reside in environments
other than galaxy clusters, and therefore we do not expect this pro-
cess to change the conclusions we present in this paper (see paper
I for more details).
• To calculate the circular velocity and size of the galaxy disk in
GALFORM it is assumed that there is conservation of angular mo-
mentum and centrifugal equilibrium in the process of gas cooling,
while for the size of bulges, energy conservation and virial equi-
librium are assumed during galaxy mergers or disk instabilities. In
addition, the mass distribution in the halo and the lengthscales of
the disk and the bulge adjust adiabatically in response to their mu-
tual gravity.
3 FOLLOWING FLIPS IN THE ANGULAR MOMENTUM
OF THE GAS, STARS AND DARK MATTER HALO
We use the Monte-Carlo based method developed by Padilla et al.
(2014) to follow the flips in the angular momenta of the cold
gas (atomic plus molecular) and stars in galaxies, and the DM
Figure 1. Schematic showing the methodology of Padilla et al. (2014) ap-
plied to our simulated ETGs. In panel (i) we show a recently formed
galaxy, in which all the components have angular momenta that are per-
fectly aligned. In a later timestep, t1 (panel (ii)), the DM halo and hot gas
flip their angular momenta direction due to accretion. This flip can only be
propagated to the galaxy by the accretion of cooled gas from the hot halo,
which is shown as a condensation of cold gas with a spin aligned with the
DM halo. The flip the disk suffers is limited by the mass of accreted cooled
gas relative to the mass in the disk. In panel (iii) we show the case where
only a small amount of cooled gas is accreted relative to the gas mass that
was already in the disk, driving a small flip. The outcome of this processes
is a misalignment αflip between the gas disk and the dark matter halo and
an angle αG,S between the gas disk and the stellar body.
c© 2011 RAS, MNRAS 000, 1–17
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Figure 2. Continuation of Fig. 1. In panel (iv) we show that the cold gas
disk has been flipped due to the recent gas accretion. Stars form in this
flipped gas disk in a timescale ∆tSF. The angular momentum of the stellar
disk is shown by the dashed arrow. In (v) we show the resulting flip in the
stellar disk due to the formation of new stars, which had a different angular
momentum direction than that of the older stars. In this example, the newly
formed stars represent a lower mass than the older stars, which is not enough
to flip the stellar disk back into alignment with the gas disk. Therefore there
is a residual angle between the angular momenta of the gas disk and the
stars, αG,S.
halo. Padilla et al. based their study on the Millennium-II sim-
ulation (Boylan-Kolchin et al. 2009), which has a resolution that
is 125 times better than the Millennium simulation described in
§ 2. This allowed Padilla et al. to accurately calculate the angu-
lar momentum, ~J , in all DM haloes and subhaloes with masses
& 1010 h−1M⊙, based on at least 1000 particles6. Thus, the di-
rection of ~J can be accurately traced before and after accretion of
matter and merger events. Padilla et al. built a probability distribu-
tion function (PDF) for the angle between ~J before and after the
accretion, ∆αDM, which depends on the relative change in mass.
There are also variations with redshift, due to the expansion of the
6 Note that in Millennium-I a halo of mass 1010 h−1M⊙ is resolved with
10 particles only, which makes the measurements of angular momentum
very noisy
universe and the relative angular momentum brought by the mate-
rial as time passes. Thus, we build the PDFs for different redshifts
and relative mass changes. In addition, smooth accretion of matter
(which is from the cosmic web and it is not resolved in individ-
ual haloes) and halo mergers drive different magnitudes of angular
momentum flips even though they may cause a similar change in
mass, with halo mergers tending to drive higher ∆αDM than accre-
tion onto haloes (see Appendix A for the PDFs produced by Padilla
et al.).
The strongest assumption Padilla et al. make to apply this
methodology to galaxies is that accretion onto galaxies produces
flips in the angular momenta, ∆αbar, of the same order as in the
haloes (namely, it will depend on the relative change in mass,
on the nature of the accretion, i.e. whether it is from smooth
accretion or mergers, and on time), ∆αbar(∆Mbar|Mbar, t) ≡
∆αDM(∆MDM|MDM, t). In other words, Padilla et al. sample the
PDFs created from the Millennium-II simulation to find by how
much the angular momentum of a galaxy flips due to accretion.
This can be done for the different galaxy components.
Padilla et al. (2014) implemented the method above in the
semi-analytic model SAG (Lagos et al. 2008; Jime´nez et al. 2011),
modifying the specific angular momentum of galaxies in the model.
This also affects the sizes of galaxies and therefore star forma-
tion and the strength of feedback. Padilla et al. did not change any
model parameters and show the effect of this new physical model
on galaxy properties. Ruiz et al. (2013) presented the recalibration
of the Padilla et al. (2014) model and the fits to the stellar mass
function.
Here, we apply the Padilla et al. (2014) model as post-
processing to GALFORM to calculate the flips in the direction of
the angular momentum of ETGs due to their growth history, but
we do not modify the sizes of galaxies or any other property as a
result. For this reason, there is no need for changing any parame-
ter in the model. By post-processing GALFORM using the Padilla et
al. Monte-Carlo method, we can accumulate the flips of the angular
momentum vector of the gas disk and, based on the assumption that
new stars form perfectly aligned with the gas disk at the time they
form, we can calculate the angle between the angular momenta of
the gas disk and the stellar body at each timestep in the evolution
of galaxies. Although these changes are expected in such a model,
Padilla et al. (2014) show that the changes are not major except in
the fraction of massive galaxies that are ETGs, in a way that the
model including the change in the specific angular momentum due
to flips in the direction of the angular momentum vector produces
a higher fraction of ETGs than the previous model. We therefore
do not expect a self-consistent calculation to strongly change the
conclusions we present in this paper.
We can take the predicted history of each ETG in our simu-
lation (based on the Lacey14+GRP model) and calculate the angle
between the gas and stars in galaxies and the DM halo. The history
of ETGs is fully characterised by minor and major merger events,
disk instabilities, accretion of gas from the halo, outflow gas to the
halo by recent star formation (SNe feedback), mass loss from inter-
mediate and low-mass stars to the ISM, and heating of the halo gas
due to the energy injected there by the AGN (AGN feedback). All
these events will change the gas and stellar contents of ETGs.
The way we apply the Padilla et al. methodology to our galax-
ies is as follows:
• In an individual halo, the angular momenta of the hot gas and
dark matter are perfectly aligned before the first galaxy forms.
• When the first galaxy forms, the gas cools down preserving the
c© 2011 RAS, MNRAS 000, 1–17
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specific angular momentum of the hot gas and its direction, leading
to a gas disk that is perfectly aligned with the hot halo (see panel
(i) in Fig. 1). Since stars form from this gas disk, they will also be
aligned with the gas and hot halo components.
• When a DM halo of mass MDM accretes matter, ∆MDM,
at a time t, it flips its angular momentum direction by an angle
∆αDM(∆MDM|MDM, t). This change is instantly propagated to
the angular momentum of the hot gas (see panel (ii) in Fig. 1). As a
result, there will be some level of misalignment between the gas in
the disk that cooled from the hot gas before it flipped and the dark
matter halo. Note that the instantaneous reaction of the hot halo as-
sumed here is for simplicity. In reality, there is a torque timescale
associated with this process, although this should act on a relatively
short timescale of the order of the dynamical timescale of the halo.
The stars remain fully aligned with the cold gas disk.
• When new gas cools down from the flipped hot gas halo, it
comes misaligned with the existing gas and stellar disk (see panel
(ii) in Fig. 1). The timescale for this gas to cool down and be ac-
creted onto the galaxy disk is calculated as described in § 2 (second
bullet point). The cooled gas will change the direction of the angu-
lar momentum vector of the cold gas disk towards that of the hot
halo (see panel (iii) in Fig. 1). The resulting cold gas disk will form
stars, and will also change the direction of the angular momentum
vector of the stellar disk towards that of the cold gas disk (as in
panel (iv) in Fig. 2). Depending on the cooled mass and the mass
of the newly formed stars relative to the existing disk, there will
be a remaining angle between the angular momenta of the cold gas
and stellar disks (panel (v) in Fig. 2). The resulting flip in the angu-
lar momentum direction of the cold gas and stellar components are
calculated as a mass-weighted angle. From this it is implicit that
the stars will have an angular momentum direction set mainly by
the angular momentum direction of stars at the time of the peak of
the star formation activity.
• When there is a process such as disk instabilities or galaxy
mergers that drive the formation of galaxy bulges from a preexist-
ing stellar disk, we assume that the newly formed bulge preserves
the direction of the angular momentum the stellar disk had. Any
further star formation episode will affect the direction of the angu-
lar momentum of the bulge as a result. This means that when we
talk about stellar component we mean bulge plus disk, and assume
these are always aligned with each other. This is supported by the-
oretical work that shows how the components slew to each other to
align their angular momenta (Binney & May 1986).
• During disk instabilities, the cold gas is consumed in a star-
burst and therefore loses its memory of the flips it had accumulated
over time, while stars preserve this memory. In a subsequent gas
accretion episode the gas will come with the angular momentum
direction of the current hot halo, and may form stars. We calculate
the change these newly born stars produce in the angular momen-
tum vector of the stellar body as we explained above (see panel (vi)
in Fig. 2).
• In the case there is a galaxy merger, we take the PDFs corre-
sponding to the galaxy merger case (see Appendix A), and then we
apply the same methodology as above to get the new angle between
the angular momenta of the cold gas and stellar body. For the same
fractional change in mass, galaxy mergers tend to produce larger
flips in the angular momentum direction than results from gas ac-
cretion.
Since the growth history is recorded for each ETGs at the out-
put times of the simulation, we perform the above calculations at
every time step, producing a history for the angle between the an-
gular momenta of the different components of ETGs. An important
assumption in this model is that consequent flips in the angular mo-
menta of the galaxy components are not correlated. This means that
flips can change the angular momenta in random directions, and are
not necessarily correlated with the direction at previous times. We
test this assumption in § 6.
Note that in this model we do not take into account any relax-
ation of the gas disk towards the stellar component due to torques.
In the case of the dark matter component this is implicitly included,
as the distributions of flips was obtained by Padilla et al. (2014) us-
ing a N -body simulation, which includes the gravitational interac-
tions. If the gas is faster in its relaxation than the DM components,
then the calculation here would represent upper limits for the angle
between the gas and the stellar components of ETGs. An impor-
tant consideration is that this is done for individual galaxies in their
sub-haloes. This prevents central galaxies from changing their an-
gular momentum direction due to substructures in the halo. In other
words, central galaxies are not affected by changes in the angular
momenta of their satellite galaxies (unless they merge).
In observations the measured position angle of the gas is mea-
sured in ionised and molecular gas, which are aligned, suggesting a
common origin (Davis et al. 2011). However, in our model we treat
the cold gas, which includes atomic and molecular gas, as a single
component, and therefore we do not distinguish possible misalign-
ments between HI and H2. In observations, HI is not always aligned
with H2, and indeed a 30 per cent of ETGs show unsettle HI mor-
phologies (Serra et al. 2012), while this percentage in the case of
H2 is much lower. We simplified the problem by considering the
bulk neutral gas and in our model this approximation might not be
so critical as the neutral gas that is subject to environmental in-
teractions is the lower density gas which does not contributes so
significantly to the total neutral gas mass.
4 THE HISTORY AND MORPHOLOGICAL
DEVELOPMENT OF ETGS
Morphology is a transient property of galaxies that is tightly con-
nected to their growth history. This is because it depends on the
ability of galaxies to grow galaxy disks after events which lead
to spheroid formation, such as disk instabilities or galaxy merg-
ers. Throughout the paper we consider ETGs at z = 0 in the
Lacey14+GRP model, which we selected to have LK > 6 ×
109 LK, MHI+H2 > 10
7,M⊙ and Mbulge/Mtot > 0.5, where
LK is the K-band luminosity, MHI+H2 is the mass of HI plus H2,
Mbulge is the stellar mass in the bulge and Mtot is the total stellar
mass of the galaxy. These selection criteria are adopted to mimic
the selection criteria of ATLAS3D (see Paper I for details).
In order to help visualise the transient nature of morphol-
ogy, we show in Fig. 3 the bulge-to-total stellar mass ratio, B/T ,
of randomly selected ETGs in different present-day stellar mass
bins, separating central galaxies (solid lines) from satellites (dashed
lines). The first interesting feature is that massive galaxies tend to
have had an early-type morphology (i.e. B/T > 0.5) for a longer
period than lower mass galaxies. This is seen in the example cases
of Fig. 3, and also applies to the general ETG population. The cause
of this difference between massive and lower mass ETGs is that low
mass galaxies tend to regrow their disk more efficiently than more
massive galaxies. In the case of the most massive galaxies, this is
typically due to AGN feedback preventing the formation of a new
disk. This was discussed in detail in Paper I. The more efficient re-
growth of galaxy disks in the lower mass ETGs is due to the contin-
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Figure 3. Bulge-to-total stellar mass ratio as a function of redshift for 4
randomly selected galaxies with present-day stellar masses in three different
ranges, as labelled. Solid lines correspond to randomly selected present-day
central galaxies, while dashed lines show satellite galaxies. Using symbols
we show where each galaxy undergoes a galaxy merger (circles), disk in-
stability (stars) and when it becomes satellite (filled square).
uous accretion of newly cooled gas. The reason why gas accretion
continues even at later times (see, for example, the central galaxy in
the top panel of Fig. 3 that has aB/T = 0.56 at z = 0) is that these
ETGs are hosted by lower mass haloes (Mhalo . 5 × 1011M⊙)
and have no AGN to heat cooling flows. Central galaxies in the mid-
dle and bottom panels of Fig. 3 are hosted by higher mass haloes,
Mhalo & 10
12M⊙. We also show in Fig. 3 the times when galax-
ies underwent galaxy mergers and disk instabilities, and in the case
of satellite galaxies, we show when they were accreted onto their
current halo.
Note that every time a galaxy in the model displays a rapid
growth in its B/T ratio, this is due to a galaxy merger or disk in-
stability, as can be seen in the example galaxies in Fig. 3. Also
note that not all galaxy mergers lead to higher B/T , but in some
cases there is an associated growth of the disk (see for example
one of the central galaxies in the bottom panel of Fig. 3 that had a
galaxy merger at z = 1.1). This can happen during minor merg-
ers with very small satellite-to-central galaxy mass ratios. In the
case of model satellite galaxies, there can be disk regrowth once
they become satellites in the case of gradual ram-pressure stripping
(which is implemented in the Lacey14+GRP model we use here).
An example of this are the satellite galaxies in the middle panel
of Fig. 3, which continue their disk regrowth, compared to a satel-
lite galaxy in the bottom panel, which stops growing its B/T ratio.
The satellite galaxies in the middle panel of Fig. 3 show regrow
of their disks as a consequence of the gradual ram pressure strip-
ping mechanism included in the Lacey14+GRP model, as opposed
to the strangulation scenario that results in no further gas cooling.
The satellite galaxy of the bottom panel of Fig. 3 that became a
satellite at z ≈ 0.3 does not show any disk regrowth (i.e. its B/T
does not significantly change in the time the galaxy has been satel-
lite). The reason for this is that the halo mass of the latter galaxy
is higher than those of the satellite galaxies in the middle panel of
Fig. 3. This translates into ram pressure stripping being more effi-
cient in the former case.
Very different stellar mass assembly histories can lead to
galaxies having an early-type morphology, as the example galax-
ies of Fig. 3 show. The specific history of each ETG is expected
to have a strong effect on the alignment of their stellar, gas and
dark matter components. In the model of Padilla et al. (2014), ev-
ery galaxy merger, disk instability and smooth accretion event is
considered when following the angular momenta flips. We use the
individual gas accretion history of every ETG to estimate their an-
gular momenta alignments in the next section.
5 THE ORIGIN OF MISALIGNED GAS DISKS IN
EARLY-TYPE GALAXIES
In this section we discuss the expected frequency of ETGs that
have gas disks misaligned with their stellar component in the
Lacey14+GRP model. We compare extensively with the observa-
tions of the ATLAS3D, which are discussed in detail in Davis et al.
(2011). We find that the percentage of misaligned gas disks and
stellar components in the ETGs of ATLAS3D is≈ 42±6 per cent7.
5.1 Lower limits on the number of misaligned gas disks in
ETGs
In order to show how much misalignment is expected from mergers
alone we post-process the ETGs selected from the Lacey14+GRP
model using the Padilla et al. (2014) scheme, but we do not apply
any misalignment due to gas accretion from the hot halo. The re-
sults of this exercise are shown in Fig. 4. If we only allow mergers
to drive misalignments, the model fails to reproduce the observed
tail of ETGs that have angles between the angular momenta of the
stars and the cold disk, αG,S > 30 degrees. We find 2 per cent of
ETGs with αG,S > 30 degrees. This percentage increases to 5 per
cent in the case we adopt the Lacey & Cole 1993 dynamical fric-
tion timescale. This indicates that other sources of misaligned gas
are important if the model is to agree with the observations.
The fractions calculated above represent lower limits as it is
assumed that gas accretion onto galaxies from processes other than
galaxy mergers come in perfectly aligned with the stellar body. In
7 The error in this percentage correspond to a Poisson error.
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Figure 4. Distribution of angles between the angular momenta of the
gas disk and the stellar component, αG,S (dashed line), for ETGs with
LK > 6 × 10
9, L⊙ and MHI +MH2 > 107M⊙ in the Lacey14+GRP
model, under the test case that the only source of misaligned gas is galaxy
mergers. Observational measurements from ATLAS3D are shown by the
shaded histogram. Errorbars are Poisson errors. The y-axis is normalised to
represent fractions (number of galaxies in the bin divided by the total num-
ber in the sample). We convolve the predicted distribution of angles with a
normalised Gaussian distribution with its centre at zero degrees and a stan-
dard deviation of 15 degrees (solid line), which corresponds to the expected
scatter in the observations reported by Davis et al. (2011).
Paper I, we show that the vast majority of recent galaxy merg-
ers (i.e. those that took place in the last 1Gyr) correspond to mi-
nor mergers that drive starbursts only in 10 per cent of cases.
The remaining 90 per cent correspond to the accretion of small
galaxies onto the larger ETGs. Of all ETGs with cold gas masses
MHI+H2 > 10
7M⊙, the percentage that have their current cold
gas content supplied mainly by galaxy mergers ranges from 11
per cent to 25 per cent. The main driver of the variation in this
percentage is the adopted dynamical friction timescale. Adopting
the Jiang et al. (2008) dynamical friction timescale, as in Lacey14,
leads to earlier minor mergers and consequently a lower merger
rate at z = 0, leading to the 11 per cent figure referred to above.
On the other hand, adopting the Lacey & Cole (1993) dynami-
cal friction timescale, as in the models of Lagos et al. (2012) and
Gonzalez-Perez et al. (2014), leads to a higher rate of minor merg-
ers at z = 0, corresponding to the 25 per cent value referred to
above. However, these mergers do not necessarily cause a notable
change in the angular momentum of the stellar and/or cold gas bod-
ies. In fact the calculation of Padilla et al. (2014) shows that galaxy
mergers produce larger angular momentum flips than other forms
of accretion but the angle between the angular momentum of the
haloes before and after the merger is likely to be small (see Ap-
pendix A). This angle also depends on the mass ratio between the
two galaxies. This is the reason why a relatively high fraction of
ETGs have their current gas content supplied mainly by galaxy
mergers, but do not show significant misalignments.
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Figure 5. Distribution of angles between the angular momenta of the gas
disk and the stellar component, αG,S (dashed line), and after the convo-
lution with a Gaussian of width 15 degrees (solid line), for ETGs with
LK > 6 × 10
9, L⊙ and MHI +MH2 > 107M⊙ in the Lacey14+GRP
model. Here we fully apply the Padilla et al. (2014) Monte-Carlo method.
The y-axis is normalised to represent fractions (number of galaxies in the
bin divided by the total number in the sample). Observational measurements
are as in Fig. 4.
5.2 The distribution of misaligned gas disks in ETGs due to
the history of angular momenta flips
We now apply the full scheme introduced by Padilla et al. (2014)
to GALFORM galaxies as a more complete calculation than that in
§ 5.1. We remind the reader that we take the mass growth his-
tory of ETGs from the Lacey14+GRP model and post-process it
to follow the flips of the angular momenta. The full calculation of
Padilla et al. (2014) includes changes in the direction of the angu-
lar momenta of galaxy components due to both galaxy mergers and
the accretion of cooled gas from the hot halo.
Fig. 5 shows the predicted distribution function of the angle
between the cold gas (HI+H2) and the stellar component of ETGs,
αG,S. We also show these distributions after convolving with a
Gaussian distribution with its centre at zero degrees and a stan-
dard deviation of 15 degrees, which corresponds to the expected
scatter in the observations of (Davis et al. 2011). Observations of
the ATLAS3D reported by Davis et al. (2011) are shown by the
solid histogram with the error bars corresponding to Poission er-
rors. The application of the angular momentum flips model de-
scribed in § 3 leads to 46 per cent of ETGs having αG,S > 30 de-
grees and a distribution of αG,S that agrees with the observed dis-
tribution of ETGs within the error bars (in § 6 we quantify the
agreement between the model predictions and observations using
the Kolmogorov-Smirnov test). This is interpreted as misalignment
arising not only from recent mergers, as was assumed in § 5.1, but
also from the accretion history of ETGs, which can slew the angu-
lar momentum of the stellar component over time with respect to
the DM halo and also the gas.
We find that the angle αG,S of each galaxy is strongly affected
by recent accretion onto the galaxy compared to the time when the
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Figure 6. Top panel: The redshift to the last time each ETG had a gas accre-
tion episode (either due to gas cooling from the hot halo or galaxy mergers),
zLG, as a function αG,S in the Lacey14+GRP model. Here we include the
same model galaxies as Fig. 5. The coloured contours show number den-
sity per unit redshift and angle, with the scale shown by the key (here dz
and dangle are the bins in redshift and angle, respectively). The solid line
shows the median αG,S for bins in zLG, while the dashed line shows the
median zLG for bins in αG,S. Bottom panel: As in the top panel but here
we show the sub-halo mass where the ETG resides. Here dlog(Mhalo) and
dangle are the bins in halo mass and angle, respectively.
galaxy assembled its stellar mass8. We find that if galaxies assem-
bled 80 per cent of their stellar mass before the last episode of cold
gas accretion (either from gas cooling from the hot halo or galaxy
mergers), they are more likely to show misalignments between the
8 We define this as the time the galaxy had assembled 80 per cent of its
z = 0 stellar mass.
angular momenta of the cold gas and the stellar component. Indeed,
we find that ETGs that have αG,S > 30 degrees at z = 0 assembled
80 per cent of their stellar mass by z ≈ 0.6, while their last impor-
tant gas accretion episode took place later at z ≈ 0.3, on average.
On the other hand, in the sample of ETGs with αG,S < 30 degrees
at z = 0, we find that 80 per cent of their stellar mass was assem-
bled by z ≈ 0.7, while their last important gas accretion episode
took place at around the same time, on average. This happens be-
cause the new gas accretion episodes do not contribute strongly to
the stellar mass, and so they hardly change the direction of the an-
gular momentum of stars, while the cold gas can be greatly affected
if the change in cold gas mass is important.
This result is shown in the top panel of Fig. 6, where we show
the redshift of the last cold gas accretion episode of ETGs (either
due to gas cooling from the hot halo or a galaxy merger), zLG,
as a function of αG,S. This cold gas accretion episode can have
any mass, but it is on average quite significant; the median cold
mass accreted in this last accretion episode is 3 × 109M⊙ for
ETGs with Mstellar = 1010M⊙ and 7 × 108M⊙ for ETGs with
Mstellar = 10
11M⊙. We also show the median αG,S for bins in
zLG and vice-versa to show the dominant trends. Recent accretion
can lead either to aligned or misaligned cold gas/stellar compo-
nents, which can be seen from the higher density of galaxies at low
zLG regardless of the value of αG,S. All ETGs with earlier last cold
gas accretion episodes have more aligned stellar and gas compo-
nents. This is clear from the median αG,S ≈ 10 degrees of galaxies
that have zLG > 3. Similarly, the median value of zLG ≈ 1 for
galaxies with αG,S ∼ 0 is higher than for galaxies with higher val-
ues of αG,S. Note that the median αG,S increases for decreasing
zLG.
Another important property that is strongly correlated with
the formation time and accretion history of galaxies, and therefore
with αG,S, is the mass of the sub-halo that hosts an ETG. The bot-
tom panel of Fig. 6 shows that misalignment happens in our model
only in intermediate ranges of sub-halo masses, 7 × 1010M⊙ <
Msubhalo < 10
13M⊙. The main halo is the largest gravitationally
bound structure, which are identify in the N -body simulation us-
ing the friends-of-friends algorithm Davis et al. (1985). Halos can
contain substructures that are self-gravitating, which are call sub-
haloes and are identify using sub-finder algorithms (Knebe et al.
2013) (see Jiang et al. 2014 for a recent description on how haloes
and sub-haloes are identified and followed in the N -body sim-
ulations used by GALFORM). The most massive sub-halo within
haloes generally hosts the central galaxy, while lower mass sub-
haloes contain satellite galaxies. Not all satellites retain informa-
tion about their sub-halo given that the dark matter halo can get
heavily stripped so that is not considered a substructure within
the main halo anymore. In these cases the sub-halo mass corre-
sponds to the mass of the sub-halo the last time it was identified in
the simulation. In the case of ETGs living in massive sub-haloes,
Msubhalo > 10
13M⊙, most of the gas accretion took place at
higher redshifts, where most of the star formation happened. This
leads to alignment between the angular momenta of the stars and
the gas; for Msubhalo > 1013M⊙, the median αG,S ≈ 8 degrees,
while for a halo mass of Msubhalo ≈ 3 × 1011M⊙ the median
αG,S ≈ 50 degrees. Similarly, the median halo mass of low αG,S is
higher than for higher values of αG,S. Large misalignments, for ex-
ample αG,S > 90 degrees, are exclusive of ETGs hosted by haloes
7× 1010M⊙ < Msubhalo < 3× 10
12M⊙.
In the case of the lowest mass sub-haloes, galaxies have un-
dergone a quieter history, with fewer interactions relative to ETGs
hosted by larger mass haloes. This leads the ETG population hosted
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Figure 7. Top panel: Distribution of αG,S for ETGs with LK > 6 ×
109, L⊙ and MHI +MH2 > 107M⊙ in the Lacey14+GRP model, and
for the realisations of the ATLAS3D volume (3 × 105Mpc3) that give
the highest (dashed line), median (solid line) and lowest (dot-dashed line)
fraction of ETGs with αG,S > 30 degrees. The observed ATLAS3D dis-
tribution is shown by the solid histogram. Bottom panel: Distribution of the
fraction of ETGs that have αG,S > 30 degrees in the 30 realisations done
of the ATLAS3D volume in the Lacey14+GRP model. The median of the
distribution is 46 per cent.
by low mass sub-haloes to having fewer ETGs with αG,S > 30 de-
grees than is the case of ETGs hosted by higher mass sub-haloes.
5.2.1 Variance from field to field
An important question that arises from a sample such as ATLAS3D,
which is complete up to a distance of 42 Mpc, is what is the effect
of the large scale structure on the statistical analysis we have per-
formed in § 5.2 (i.e. cosmic variance)? In other words, if we were to
observe different volumes of 3× 105Mpc3 (which corresponds to
a cube of side≈ 68 Mpc), how much variance would we observe in
the distribution of αG,S? In this section we investigate the variance
of the distribution of αG,S.
We make a random selection of 30 sub-volumes within the
MS-W7 simulation, with each having a volume of 3 × 105Mpc3.
The resulting distribution of this experiment and the fraction of
ETGs with αG,S > 30 degrees that result are shown in Fig. 7.
We find that the percentage of ETGs that have αG,S > 30 degrees
can vary from 35− 53 per cent, with a median of 46 per cent. This
translates into a variance of ≈ 25 per cent in the volume probed
by ATLAS3D. This number agrees very well with the variance as a
function of probed volume reported by Driver & Robotham (2010).
We also find that the number of ETGs selected to have LK >
6×109 L⊙ and a mass of HI plus H2 > 107M⊙ is on average 300
in each sub-volume of 3× 105Mpc3. This number is very close to
the number 260 of ETGs in the ATLAS3D. These variations are
quite large and we find that the observed sample of ETGs would
need to be extended up to 100 Mpc to reduce the variance in the
fraction of ETGs with αG,S > 30 degrees to a few percent.
5.2.2 Dependence on galaxy properties
In this section we focus on the galaxy properties we find are cor-
related with αG,S and analyse the physical drivers of such corre-
lations. These properties are K-band Luminosity and stellar mass,
cold gas fraction, satellite/central dichotomy and the SFR. We find
no strong dependence of the distribution of αG,S on other galaxy
properties, such as bulge-to-total stellar mass ratio or total neutral
gas mass (HI plus H2).
K-band Luminosity and Stellar mass. We find that K-band
luminosity (often used as a proxy for stellar mass) is anti-correlated
with the angle between the angular momenta of the cold gas and
the stellar component, αG,S. The top-panel of Fig. 8 shows the K-
band luminosity as a function of αG,S. Overlaid are observations of
individual galaxies from the ATLAS3D survey (Davis et al. 2011).
The distribution of αG,S seen in the ATLAS3D observations
is very similar to the predictions of the model: there is a higher
number density of galaxies at αG,S < 30 degrees, with the den-
sity of galaxies decreasing towards αG,S > 30 degrees, but with
galaxies covering the full range of αG,S at LK < 2× 1011 L⊙. At
higher K-band luminosities, the model predicts that ETGs show
aligned gas and stellar components, with the largest angles being
αG,S ≈ 20 degrees, in agreement with the observations. These
galaxies reside in the highest mass haloes, with a median sub-halo
mass of Mhalo ≈ 9 × 1013M⊙ (shown in Fig. 6), which explains
why the model predicts a correlation between K-band luminosity
and αG,S. For instance, ETGs with 6× 109L⊙ < LK < 1010L⊙,
have on average its last cold gas accretion episode at z ≈ 0.3,
while 80 per cent of the stellar mass of these ETGs was in place
at z ≈ 0.4. In contrast, ETGs with LK > 3 × 1011L⊙ had the
last cold gas accretion episode on average at z ≈ 2.2, while 80
per cent of the stellar mass of these ETGs was in place only by
z ≈ 0.29. The latter is due to AGN feedback acting on the most
massive galaxies from early-on. We have repeated this experiment
with stellar mass rather than K-band luminosity and find the same
trends.
In order to quantify the agreement with the observations, we
calculate the fraction of ETGs in the model and the observations
that have αG,S < 30 degrees in bins of K-band luminosity. The re-
sults of this experiment are shown in the bottom panel of Fig. 8. For
the observations, we calculate Poisson error bars, which are shown
by the hatched region, while for the simulations we calculate an
errorbar associated with the variance expected from field-to-field,
which we discuss in § 5.2.1. There is good agreement between the
observations and the model. Previous calculations by Dubois et al.
(2014) point to stellar mass being strongly correlated with the spin
of galaxies and hence is a good indicator of whether the angular
momentum of the galaxy is aligned with the halo. However, Dubois
et al. do not analyse the alignments between the different galaxy
components.
9 Note that the timescale we discuss here for the stellar mass build-up is
an assembly age rather than a stellar age. This is because the stellar ages
of these galaxies are much higher than the assembly age (see for example
Kauffmann 1996 and Baugh et al. 1996).
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Figure 8. Top panel: K-band luminosity as a function of the angle be-
tween the neutral gas and stellar component, αG,S, for simulated ETGs
from the Lacey14+GRP model and observations from the ATLAS3D sur-
vey (Davis et al. 2011). The contours show number density per unit K-band
luminosity and angle, as indicated by the colour bar. Here dlog(LK) and
dangle are the bins in K-band luminosity and angle, respectively. Bottom
panel: The fraction of ETGs that have αG,S > 30 degrees as a function of
the K-band luminosity. Observational measurements from the ATLAS3D
are shown by the solid line and hatched region, where the latter corresponds
to the Poisson error bars. In the model predictions, the error bars correspond
to the variations in the fraction due to variance from field-to-field (which we
discuss in § 5.2.1).
Gas Fraction. We find that the cold gas fraction, expressed
as the ratio between the HI+H2 mass and the K-band luminosity,
is correlated with the level of misalignment between the angular
momenta of the cold gas disk and the stellar component such that
galaxies with low cold gas fractions tend to be more aligned than
galaxies that are gas-rich. This is shown in the top panel of Fig. 9.
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Figure 9. Top panel: Distribution of αG,S in ETGs with LK > 6 ×
109 L⊙ in the Lacey14+GRP model and in different bins of cold gas
fraction, MHI+H2/LK[M⊙/L⊙]. Observational measurements from the
ATLAS3D are shown by the shaded histogram. The y-axis is normalised to
represent fractions. Bottom panel: As in the bottom panel of Fig. 8, but here
we show the fraction of ETGs that have αG,S > 30 degrees as a function
of the cold gas fraction.
Galaxies with high cold gas fractions typically have had recent cold
gas accretion, which have changed the cold gas content consider-
ably, while their stellar mass has not changed significantly over the
same timescale. The effect of this is that the angular momentum of
the stellar body is only mildly modified by the newly formed stars,
while the angular momentum of the cold gas changes considerably.
The gas fraction here is correlated with the recent gas accretion his-
tory. We find that this relation holds even when we look at galaxies
in a narrow range of stellar masses, pointing to this correlation be-
ing independent of stellar mass.
Serra et al. (2014) show that there is a trend of galaxies with
low HI fractions to show alignments between the stellar and HI
components, while misalignments are more likely in ETGs with
higher HI gas fractions. This trend agrees qualitatively with our
predictions. We quantify this trend by calculating the fraction of
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Figure 10. As in the top panel of Fig. 9 but for central and satellite galaxies.
ETGs that have αG,S > 30 degrees as a function of cold gas frac-
tion, (HI+H2)/LK, for ETGs in both simulations and observations.
In the case of non-detections of HI and/or CO for ATLAS3D galax-
ies, we take the value of the upper limit on the HI and/or H2 mass.
The results are shown in the bottom panel of Fig. 9, where the error
bars are as in the bottom panel of Fig. 8. We find that the corre-
lation predicted by the model between αG,S and cold gas fraction
is also observed in the ATLAS3D, which is reassuring. This is ev-
idence that our model contains some of the mechanisms that drive
the misalignments observed in ATLAS3D.
Satellites vs. Centrals. Fig. 10 shows the histogram of the an-
gle between the angular momenta of the cold gas and stellar com-
ponents in ETGs, separating central and satellite galaxies. There
is a trend for satellite galaxies to show misalignments more often
than centrals. Satellite galaxies in the model are quenched by ram
pressure stripping of the hot gas and SNe driven winds. The former
start operating when the galaxy becomes a satellite. Overall, this
results in satellite galaxies having 80 per cent of their stellar mass
in place earlier than central galaxies, which exhibit more recent
star formation. For satellites, accretion of cold gas onto the galaxy
can continue for as long as the satellite retains part of its hot gas
halo. However, a lot of this cold gas is too low density to transform
into H2, resulting in low SFRs that do not alter the stellar mass of
the galaxy. In the case of central galaxies, both star formation and
accretion of cold gas continue for longer which leads to higher lev-
els of alignment between the two components. Unfortunately, we
cannot test this prediction with the current available data, but with
larger datasets than ATLAS3D we would be able to cross-match
with group catalogues and test this idea.
Note that the trend of satellite/centrals is not driven by stellar
mass. We can see this by fixing the stellar mass and then looking
at satellite and central galaxies. As an example, for the stellar mass
bin 1010M⊙ < Mstellar < 3 × 1010M⊙, the fraction of satellite
ETGs with αG,S > 30 degrees is 62 per cent, while for centrals
this fraction is 45 per cent. However, there is a strong connection
between the frequency of misalignments in centrals and satellites
and the range of sub-halo masses hosting these two galaxy popula-
tions. The median sub-halo mass of satellite ETGs in the model is
Msubhalo ≈ 3×10
11M⊙, where the peak of the frequency of mis-
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Figure 11. As in Fig. 9 but for bins of SFR. In ATLAS3D, there are SFRs
available from WISE, and combined with GALEX for galaxies that have
detection in the far-UV, for only 56 sources (Davis et al. 2014). This is
why the statistics worsen when plotted as a function of the SFR compared
to the trends shown in the bottom panel of Fig. 9.
alignments takes place (see bottom panel of Fig. 6). On the other
hand, the median sub-halo mass of central ETGs in the model is
Msubhalo ≈ 10
12M⊙.
Star formation rate. Fig. 11 shows the distribution of αG,S in
three different bins of SFR. We find that in the model, ETGs with
low SFRs are associated with a preference for lower values of αG,S
compared to those with higher SFRs. This is because higher SFRs
in ETGs are associated with important recent cold gas accretion.
Note that a similar trend is found between αG,S and the specific
SFR (the ratio between the SFR and the stellar mass; SSFR); i.e.
galaxies with lower SSFR show lower values of αG,S. At a fixed
stellar mass we find that the correlation between αG,S and SFR
becomes stronger. This is because stellar mass is positively corre-
lated with SFR but anti-correlated with αG,S. Thus, when plotting
all stellar masses the positive correlation between SFR and αG,S
becomes weaker. Note however, that the driver of the correlation of
c© 2011 RAS, MNRAS 000, 1–17
II. Misaligned gas accretion 13
Table 1. The two-sided KS probability, pKS, calculated using galaxies from
ATLAS3D and the Lacey14+GRP model under the scenario of no correlated
flips over time, all flips correlated over time and flips correlated only over
an interval in expansion factor of aexp = 0.1. We also show the value of
pKS for the publicly available model of Guo et al. (2011).
Model pKS
No flips correlated (Lacey14+GRP) 0.16
All flips correlated (Lacey14+GRP) 0.002
Flips correlated over 0.04
aexp = 0.1 (Lacey14+GRP)
Guo et al. (2011) 0.0001
αG,S with SFR and cold gas fraction is the same and therefore they
are not independent.
We test the existence of a correlation between αG,S and SFR
using ATLAS3D and the measured SFRs presented by Davis et al.
(2014). Davis et al. measured SFRs in ETGs using a combination
of ultraviolet information from GALEX and infrared photometry
from WISE, when far-UV photometry was available, or only WISE
data when not far-UV was available. This was possible for a sub-
sample of 56 ETGs. This worsens the statistics, but nevertheless we
perform the calculation of the fraction of ETGs withαG,S > 30 de-
grees as a function of SFR to reveal possible trends. This is shown
in the bottom panel of Fig. 11. The model predictions are also
shown. The observations suggest a trend that goes in the same di-
rection as the predictions of our model. It would be possible to
confirm such a trend if SFRs were available for all ETGs in the
ATLAS3D, as is the case of the cold gas fraction.
6 LIMITATIONS OF THE MODEL AND DISCUSSION
An important assumption of the model of Padilla et al. (2014) is
that flips in the angular momenta of the galaxy components are un-
correlated over time. This means that an angular momentum flip at
a given time, for instance, of the gas disk, has a direction uncorre-
lated to the direction of previous flips. This is not necessarily the
case in reality, as matter can come in from preferred directions, for
example from filaments. These filaments bring large specific angu-
lar momentum compared to that of the halo, and hence are capable
of changing the direction of the galaxy angular momentum towards
the preferred direction of filaments (Pichon et al. 2011; Sales et al.
2012; Danovich et al. 2012; Aumer et al. 2013; Danovich et al.
2014). This means that subsequent accretion episodes can come
from the same (or similar) directions, which translates into angular
momentum flips being correlated in direction over time.
The ability of these cold flows to reach the halo centre where
galaxies live is under debate. For example, Nelson et al. (2013) sug-
gest that cold streams do not self-shield as efficiently as previously
thought, as there is important heating as cold streams travel through
the dark matter halo towards the centre. They show that the maxi-
mum fraction of gas accreted onto galaxies that did not get shock
heated to a temperature close to the virial temperature of the halo is
≈ 0.3 for a present-day halo mass of 5× 1010M⊙ h−1. This frac-
tion decreases with increasing halo mass. Thus, it is still unclear to
what extent angular momentum flips can be correlated in direction
over time.
Here we test the idea of all flips in angular momentum be-
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Figure 12. Distribution of angles between the angular momenta of the
cold gas disk (HI+H2) and the stellar body, αG,S, for ETGs with LK >
6 × 109, L⊙ and MHI +MH2 > 107M⊙ in the Lacey14+GRP model,
when we consider no correlated angular momentum flips over time (stan-
dard model; solid line), when all flips are correlated in direction over time
(dashed line), and when flips are correlated only during finite time intervals
(i.e. during an interval of expansion factor aexp = 0.1; dot-dashed line).
We also show the predicted distribution of αG,S from the semi-analytic
model of Guo et al. (2011).
ing correlated in direction over time, and compare this assumption
with our standard model, which assumes uncorrelated flips. Fig. 12
shows the histogram of αG,S for our standard model and for the
model when all flips are correlated in direction over time. The lat-
ter model produces a flatter distribution of αG,S, particularly at
αG,S > 100 degrees. The fraction of galaxies with αG,S > 30 de-
grees rises from 46 per cent in our standard model to 52 per cent.
In order to quantify which model produces results closer to the ob-
served one we calculate the two-sided Kolmogorov-Smirnov (KS)
probability, pKS (calculated using the ATLAS3D results). The val-
ues of pKS are shown in Table 1 for the standard model (i.e. un-
correlated flips) and for the realisation that assumes correlated flips
over time.
From the values in Table 1, one can conclude that observa-
tions prefer flips in angular momenta that are not fully correlated
over time, i.e. the direction of flips in angular momentum at any
time cannot know about all previous flips. Another possibility is
that if correlated flips exit, the correlation spans timescales that are
shorter than the age of galaxies. In order to test this idea, we per-
form an experiment where flips are correlated in direction during
a finite period of time. We choose to quantify this by the interval
in expansion factor where flips are correlated, aexp. We show the
result of this experiment for aexp = 0.1 in Fig. 12 and the results
of the KS test in Table 1. This model predicts a fraction of galax-
ies with αG,S > 30 degrees of 48 per cent and from the results of
Table 1 one can conclude that the model using uncorrelated flips is
still in better agreement with the observations.
We also show for reference in Fig. 12 the predictions from
a different semi-analytic model, that of Guo et al. (2011). In this
model they follow the 3-dimensional angular momenta of the gas
and stars in galaxies along similar lines to those presented in § 3. In
Guo et al. stars and gas are treated as independent bodies and they
c© 2011 RAS, MNRAS 000, 1–17
14 Claudia del P. Lagos et al.
do not react to the gravity of each other as in GALFORM. The pre-
dicted distribution of αG,S also agrees well with the observations.
We calculate a KS probability and the result is presented in Table 1.
The Guo et al. model gives slighlty worse agreement with the ob-
servations of the ATLAS3D than our standard model. The fact that
the model of Guo et al. following a similar scheme as we presented
here also predicts a distribution of αG,S in reasonable agreement
with the observations points to the robustness of such prediction
even when physical processes in galaxies are treated differently in
different models. Unfortunately semi-analytic models are limited
by their simplified geometries, and it is not possible to include col-
limated flows feeding galaxies. Further studies with fully consistent
cosmological hydro-dynamic simulations are needed for this task.
Cosmological simulations such as EAGLE (Schaye et al. 2014) and
Illustris (Vogelsberger et al. 2014) are ideal for this.
Another interesting result from hydro-dynamical simulations
is that the rotation of stars can enhance cooling from the hot halo
(Negri et al. 2014). This may be of particular interest for the fast ro-
tators found in ATLAS3D (Cappellari et al. 2011). However, in the
simulation setup of Negri et al. (2014), mass loss from stars feeds
the halo of galaxies from which cooling takes place. This means
that the system is designed to have components which are prefer-
entially aligned. We show in paper I that the fraction of ETGs have
their ISM content dominated by this gas source is very small (≈ 2
per cent), and therefore this may be a second order effect in our cal-
culations. A more complete study, for example using cosmological
hydro-dynamical simulations can constrain the importance of this
mechanism in driving accretion onto galaxies.
6.1 Expectations for late-type galaxies
The distribution of αG,S for late-type galaxies (LTGs; bulge-to-
total stellar mass ratio < 0.5) will soon be probed by integral field
surveys, such as SAMI, MANGA and CALIFA, and therefore it is
important to show predictions for this population. The top panel
of Fig. 13 shows the distribution of αG,S for LTGs and ETGs that
have Mstellar > 108M⊙ and MHI +MH2 > 107M⊙. The distri-
bution for central galaxies only is also shown. LTGs are expected to
show slightly higher levels of misalignments than ETGs. However,
the exact fraction of galaxies with αG,S > 30 degrees is a strong
function of stellar mass. Note that the anti-correlation discussed
in § 5.2.2 between the fraction of ETGs with αG,S > 30 degrees
and K-band luminosity (or stellar mass) reverses at Mstellar ≈
1010M⊙ for ETGs and at Mstellar ≈ 3×1010M⊙ for LTGs, with
lower mass galaxies having a lower frequency of αG,S > 30 de-
grees. If this turnover exists, the large galaxy catalogue probed by
SAMI will be able to see it. The driver of this turnover is due to
an important fraction of galaxies below the turnover mass living
in haloes with masses Msubhalo < 5 × 1011M⊙. These galaxies
have had a quieter history, with fewer interactions relative to galax-
ies living in more massive haloes. The galaxies in low mass halo
show more alignments than galaxies in intermediate halo masses
(see Fig. 6).
In the case of LTGs, torques would be stronger since the gas
has a clear disk to which to relax. Since we do not explicitly account
for torques our calculation would be upper limits.
7 CONCLUSIONS
We have explored the origin of misalignments between the stars
and gas in ETGs in the local Universe using the Lacey14 variant
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Figure 13. Top panel: Distribution of αG,S for ETGs (B/T > 0.5) and
late-type galaxies (LTGs, B/T < 0.5) with Mstellar > 108M⊙ and
MHI+MH2 > 10
7M⊙ in the Lacey14+GRP model when we fully apply
the Padilla et al. (2014) Monte-Carlo method. We show all galaxies of each
morphological type, as well as centrals only, as labelled. Bottom panel: The
fraction of galaxies with αG,S > 30 degrees as a function of stellar mass
for the same model galaxy populations shown in the top panel.
of the GALFORM model. The reference observational dataset is the
ATLAS3D survey, which displays a fraction of 42 ± 6 per cent of
ETGs exhibiting angles between the angular momenta of the gas
and stars of αG,S > 30 degrees. This paper is the second of the
series. We show in paper I (Lagos et al. 2014b) that the Lacey14
model reproduces the HI and H2 gas fractions and gas mass dis-
tribution functions of ETGs very well. The key to the latter is the
incorporation of gradual ram pressure stripping (see Lagos et al.
2014b for details).
We first explore the simplest assumption, which is that the
only source of misaligned cold gas (HI plus H2) with respect to
the stellar body in ETGs is galaxy mergers. This has tradition-
ally been the observational interpretation of of misaligned cold gas
disks (Davis et al. 2011; Serra et al. (2012)). However, we find that
there are not enough galaxy mergers at z ≈ 0 in the model, re-
gardless of the dynamical friction timescale adopted. We find that
by adopting the Jiang et al. (2008) dynamical timescale, which is
the default option in Lacey14, only 11 per cent of ETGs in the
model have had a minor merger in the last 1 Gyr that involved im-
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portant gas accretion, leading to only 2 per cent of ETGs having
αG,S > 30 degrees. This percentage rises to ≈ 5 per cent if we
use the Lacey & Cole (1993) dynamical friction timescale, which
favours more recent minor mergers.
We then explore a more general approach, which is to follow
the history of gas accretion and stellar growth due to star forma-
tion in-situ and due to galaxy mergers, and apply the Monte-Carlo
simulation of Padilla et al. (2014) to follow the angular momenta
flips that are produced by this growth. This simulation analyses the
change in mass and the source of that change (i.e. smooth accretion
or mergers) and returns PDFs of the angle between the direction of
the angular momentum of the component that is changing in mass
before and after the accretion. That angle can change in any direc-
tion and we accumulate the change over time. We do this for all the
components of ETGs we are interested in: hot halo, cold gas disk
(HI plus H2) and stellar component. We apply this procedure for all
ETGs in the semi-analytic model that have been selected to mimic
the ETG selection in the ATLAS3D survey (based on their K-band
luminosity and HI+H2 mass). Our main findings are:
• By applying the Padilla et al. Monte-Carlo simulation to the
ETGs predicted by the Lacey14 model, we find that 46 per cent of
modelled ETGs have αG,S > 30 degrees. This angle varies in the
range 35 − 53 per cent when we select sub-volumes of the simu-
lation of the size of the volume probed by the ATLAS3D (which
observed all ETGs with LK > 6 × 109L⊙ out to 42 Mpc). The
level of misalignment found agrees with the observations, within
the error bars. Note that our model has not been tuned to reproduce
this observable and therefore this is a true prediction of the model.
• We find that misalignments (αG,S > 30 degrees) are found
in ETGs living in intermediate mass haloes (7 × 1010M⊙ <
Mhalo/h < 10
13M⊙), while ETGs hosted by larger or lower
mass haloes tend to have αG,S < 30 degrees. This agrees with
the observational results that ETGs living very close to each other
(e.g. galaxy clusters or massive galaxy groups) show stellar and gas
components that are aligned (Davis et al. 2011).
• We find that the relation between αG,S and the halo mass
leads to correlations between αG,S, stellar mass, cold gas frac-
tion and SFR. Galaxies in the model with high stellar masses, low
SFRs and low cold gas fractions show lower values of αG,S. The
observational findings from ATLAS3D shows that galaxies with
LK & 3 × 10
11L⊙ show αG,S < 30 degrees, which agrees
very well with our predictions. These show that massive galaxies,
LK > 3× 10
11 L⊙, are very unlikely to show misalignments. We
also test the prediction that there is a dependence of αG,S on cold
gas fraction and SFR using the observations of the ATLAS3D and
we find that these correlations are also in the observations, and they
had not been found before.
• The above trends are understood within the simple phe-
nomenological finding that galaxies that have important gas ac-
cretion after most of the stellar mass of the galaxy is in place, are
more likely to exhibit cold gas disks misaligned with respect to the
stars. This accreted gas can come from either galaxy mergers or
smooth cold gas accretion and it is not necessarily aligned with the
existing stellar body. Galaxies in the model living in galaxy groups
and clusters, which are also the most massive ETGs, lack impor-
tant recent gas accretion episodes, and therefore their cold gas and
stellar mass are aligned.
• We show expectations for LTGs and ETGs over a wide range
of stellar masses (Mstellar > 108M⊙) and predict the existence
of a turnover mass (Mto ≈ 1010M⊙), at which misalignments are
most likely The existence of this turnover mass will soon be probed
by integral field galaxy surveys.
The Monte-Carlo approach applied to GALFORM galaxies of-
fers new, interesting ideas for the origin of what has been observed
in ETGs in the local Universe, which has proven elusive in sim-
ulations of individual galaxies (Serra et al. 2014). The next step
will be to integrate this angular momentum scheme directly into
GALFORM to model intrinsic alignments between galaxies. Large
improvements can also come from recent hydro-dynamical simula-
tions (Vogelsberger et al. 2014; Schaye et al. 2014), which for the
first time can tackle the problem of the angular momenta of the dif-
ferent galaxy components from hydro-dynamical simulations in a
statistical fashion.
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APPENDIX A: PDFS OF ANGULAR MOMENTUM FLIPS
AND SLEWS
In Fig. A1 we show the probability distribution functions for the
angle between the angular momentum of dark matter halos in the
Millennium-II before and after they have accreted mass as calcu-
lated by Padilla et al. (2014). Each line corresponds to a fractional
change in mass and we show these PDFs for two different redshifts.
Fig. A2 shows the same PDFs but for flips in the angular momen-
tum due to mergers with other DM halos.
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Figure A1. PDFs of the angle between the angular momentum of dark mat-
ter halos before and after accretion of matter (excluding halo mergers). Each
line corresponds to a different fractional change as labelled in the top panel.
The top panel shows PDFs at z = 5, while the bottom panel shows the
PDFs at z = 0. These PDFs were calculated in the Millennium-II simula-
tion by Padilla et al. (2014).
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Figure A2. As in Fig. A1 but here we show the flips in the angular momen-
tum of DM halos only due to mergers with other DM halos. The fractional
change in mass due to mergers are as labelled in the top panel.
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